INTRODUCTION
(LSP) are polymer spheres with a closed cell inner structure containing air. They are inert and hydrophobic. They have a maximum sphere diameter of 0.25 in. (6.4 mm) and a specific gravity of 0.042. They are specially formulated for use with concrete with the ability to disperse uniformly in the concrete, resulting in a reduced concrete density. In general, they are added to concrete as a partial replacement for conventional fine or coarse aggregate. These specially formulated particles are considered as an additive because they do not conform to either ASTM C33/C33M-08 or ASTM C330-05. Therefore, concrete made with normalweight aggregates and LSP as an additive to reduce the unit weight is regarded as a normalweight concrete with "reduced" density.
This study summarizes the findings of an extensive research program conducted to examine compliance with ACI 318-08 for the bond and shear behavior of concrete members containing LSP. A parallel study by the authors to evaluate the material characteristics of LSP concrete indicates that, for a given mixture design, as the amount of LSP is increased in the concrete mixture to reduce the concrete density, the compressive strength of concrete is reduced. For example, when the concrete density was reduced from 145 lb/ft 3 ) with LSP, the compressive strength of concrete was reduced by 30% from the original compressive strength of 5740 psi (39.6 MPa). When the concrete density was further reduced to 120 lb/ft 3 (1920 kg/m 3 ), the compressive strength was reduced by 50%. In all cases, the tensile strength and the modulus of elasticity of the LSP concrete correlated well with the predictions by the ACI 318-08 equations using the corresponding compressive strength and density. It should be noted that by adjusting the basic mixture design, one could achieve the desired structural strength after LSP is added. The product is being used commercially for structural concrete ranging from 130 lb/ft 3 to 105 lb/ft 3 unit weight with 28-day compressive strengths ranging from 3000 psi to 6000 psi.
The experimental program presented in this study consisted of 27 large-scale specimens, tested under static loading up to failure. Research findings indicate that the design of concrete members containing LSP for bond and shear can use the provisions of ACI 318-08 for normalweight concrete; and the modification factor l in the code, normally associated with lightweight concrete, is not applicable in this case for concrete with LSP additive.
The first phase of this study investigated the bond behavior of 18 large-scale specimens consisting of both slabs and beams. The second phase investigated the shear behavior of nine large-scale beams-each end of a beam being tested to replicate the results-thus providing a total of 18 tested specimens. The test results showed that the structural behavior of concrete containing LSP additive with a unit weight between 120 and 130 lb/ft 3 (1920 and 2080 kg/m 3 ) was similar to that of normalweight concrete.
RESEARCH SIGNIFICANCE
Reduced unit weight concrete using LSP additive has several structural and economical advantages in comparison to normal-and lightweight concrete. The addition of LSP to a concrete mixture has been shown to reduce the pumping pressures of fresh concrete, improve the thermal resistance, and reduce the unit weight for the hardened concrete. The research presented in this paper provides the data and demonstrates that the ACI 318-08 code provisions can be used for the design of structural concrete members containing LSP additive and normalweight aggregates without the modification factor l associated with lightweight (2080 kg/m 3 ) and were classified as Group 3. The targeted concrete compressive strength for the specimens within Group 1 was 2500 psi (20 MPa) and 4000 psi (30 MPa) for the specimens in Groups 2 and 3. All tested beams had cross-sectional dimensions of 12 x 18 in. (305 x 457 mm) and a total length of 16 ft (4877 mm), as shown in Fig. 1 . All tested slabs had cross-sectional dimensions of 18 x 8 in.
(457 x 203 mm) with a total length of 16 ft (4877 mm). Within each group, the tension splice length of the reinforcement was designed according to ACI 318-08 based on the targeted concrete strengths of 2500 or 4000 psi (20 or 30 MPa). The specimens were constructed using splice lengths equal to 0.75L d , 1.0L d , and 1.25L d , where L d is the splice length determined by ACI 318-08 requirements. For the beams, all the transverse reinforcement consisted of No. 3 closed stirrups designed according to ACI 318-08 requirements, with an extension of six times the bar diameter past the 90-degree bend. Two specimens were fabricated and tested for each of the selected splice lengths for the repeatability of the test results.
The bond specimens given in Table 1 are identified using three parameters: the first letter "B" stands for bond specimens; the following number identifies the targeted unit weight of concrete in pounds per cubic feet (120 or 130). The second number identifies the specimen within each group and ranges from 1 to 3. The letter "R" indicates the replicate specimens. The letter "S" was used to designate the slab specimens.
The test setup and cross-sectional dimensions for the beams and slabs are shown in Fig. 1 . All beams and slabs were tested using a four-point bending setup to develop a constant moment region at the location of the spliced bars. The length of the beams and slabs was kept constant at 16 ft (4877 mm). The test setup allowed a constant moment region of 6 ft (1829 mm) with two outer shear spans of 4.5 ft (1372 mm) each. The beams were supported at both ends using composite steel sections restrained to the floor. A 150 kips (670 kN) load cell was placed at one end of the beams to measure the reaction at the support, whereas the loads were applied using four hydraulic jacks-two at each location-with a capacity of 120 kips (535 kN) each. Vertical deflections were measured using string potentiometers located at the midspan of the test specimen.
concrete when the concrete unit weight is 120 lb/ft 3 (1920 kg/m 3 ) or greater.
EXPERIMENTAL INVESTIGATION
The overall experimental program consisted of 27 largescale reinforced concrete specimens tested under static loading up to failure. The first phase of the program included 12 beams and six slabs tested to evaluate the bond characteristics of the LSP concrete. The second phase included nine beams to evaluate the shear behavior of the concrete, with each beam being tested once at each end to replicate the test results. The steel reinforcement used had a specified minimum yield strength of 60 ksi (415 MPa), according to ASTM A615/A615M-09b 5 specifications.
Phase 1: Bond behavior of LSP concrete members
The bond behavior of concrete members with LSP additive was evaluated using 12 beams and six slabs. The beam specimens were divided into three main groups using two targeted unit weights: 120 lb/ft 3 
Fig. 1-Test setup used for bond beams and slabs.
The ready mixed concrete supplied by a local concrete producer consisted of Type I cement, Class F fly ash, ASTM C33/C33M-08 natural sand, No. 78 granite, LSP concrete additive, 4 and standard high-range water reducer (HRWR). The compressive strength of the concrete was determined by using 4 x 8 in. (102 x 204 mm) cylinders cured in the same environment as the test specimens. Table 2 provides the mixture design of the two concrete mixtures.
Test results
Material properties- Table 3 summarizes the measured compressive strength of the concrete at 28 days and on the day of testing for both the bond and shear studies. It should be noted that the concrete produced for the first cast according to the given mixture design resulted in both a higher unit weight and higher compressive strength than the targeted values. It is believed that the moisture content of the Load-deflection behavior-The load-deflection relationship of the tested beams in the second group is shown in Fig. 2 . The test results indicate that the beams with a splice length shorter than the required splice length failed before achieving their full design capacity. When the full splice length was provided, the beams were able to achieve their design capacity but failed due to splitting without providing much ductility. When the provided splice length exceeded the required splice length up to 1.58L d , the beams achieved the flexural strength and a sufficient level of ductility. Similar behavior was observed for the beams tested in Group 1 and the slabs in Group 3.
Crack width-Crack width was measured by using PI gauges located at the ends of the splice and at the midspan of the specimens. A crack comparator was also used to measure the crack width at different load levels. It was observed that in all cases, the first flexural cracks developed at the two ends of the splice zone-at the maximum moment and shear locations. As the load was increased, the flexural cracks propagated toward the compression zone and increased in number and width. A further increase in the applied load led to the formation of splitting cracks parallel to the longitudinal bars (initially on the tension surface of the beam), followed by splitting cracks on the side of the beam. Measurement using the crack comparator was discontinued after the yielding of the longitudinal reinforcement; however, PI gauge measurements showed that with adequate development length according to ACI 318-08, the yield strength of the longitudinal bar was fully developed and the beam achieved considerable ductility. Figure 3 shows the width of the splitting crack and the applied loads for the first group of beams reinforced with No. 9 (No. 29) bars. The test results indicate that the splitting cracks occurred at the same range of load level for all tested beams of the same group. The initiation of the splitting cracks occurs when the stresses in the spliced bars induce forces in the concrete cover equal to the tensile strength of the concrete. The figure also shows that as the load was increased, the widths of the splitting cracks were larger for the shorter splice lengths. This was due to the higher stresses induced in the longitudinal bars with shorter splices in comparison to the bars with longer splice length at the same load levels and consequently higher induced strains in the steel and the surrounding concrete, causing wider cracks.
Splice strength-Two different modes of failure were observed for the bond specimens. The first mode was splitting failure, characterized by the formation and propagation of splitting cracks parallel to the longitudinal bars along the splice length, as shown in Fig. 4 . Such failure is generally sudden and brittle. The second mode of failure was typical flexural failure initiated by the yielding of the reinforcement, followed by the final crushing of the concrete in the compression zone. A summary of the test results for Phase I of the experimental program is presented in Table 1 .
The test results presented in Table 1 indicate that when the provided development length was equal to or more than sand measured at the ready mixed concrete plant was higher than the actual moisture content, making the total water less than designed, which led to a lower water-cement ratio (w/c) and, consequently, a higher concrete compressive strength.
Tension coupons from the Grade 60 steel reinforcement were tested according to ASTM A370-09 6 to determine the material characteristics. The typical coupon length was 2 ft mode. Some of the beams were designed without transverse reinforcement to evaluate the concrete contribution to shear strength, V c , whereas others were designed with minimum and maximum allowable transverse reinforcement ratios as specified by ACI 318-08 to cover the two levels of shear capacities. Table 4 provides details of the beams tested in shear. Each beam specimen was identified by four parameters: the first letter "S" stands for shear specimens; the following number identifies the targeted unit weight in pounds per cubic foot (120 or 130); and the third parameter defines the transverse reinforcement ratio (0%, 0.25%, and 0.5%) for the beams without transverse reinforcement, with minimum and maximum stirrups, respectively. The number "1.5" following the transverse reinforcement ratio refers to the a/d of 1.5, which is different from the beams tested with an a/d of 3.0 in the first two groups.
The test setup and cross-sectional dimensions for all shear tests are shown in Fig. 5 . Two test setups were used-one for each of the selected a/d. The test setup was designed to allow each end of a beam to be tested so that the test could be replicated. The first setup was used to test the first and second groups of beams with an a/d of 3.0 by locating the applied point load at a distance "a" of 43 in. that required by ACI 318-08 using the measured material properties, the specimens were able to achieve their respective nominal flexural capacity after the yielding of the longitudinal reinforcement, as indicated by the strain measurements. When the provided development length was less than the required value, the specimens showed bond failures with slightly less capacity in comparison to the predicted nominal flexural strengths. The test results clearly confirm compliance of the LSP concrete to the ACI 318-08 provisions for the development length of the flexural reinforcement. It should be noted that an increase in the splice length does not necessarily increase the loadcarrying capacity of the beam due to the nonlinear stress distribution along the splice length 7 and increase only the ductility, as shown in Fig. 2 . For example, in Table 3 
Phase II: Shear behavior of LSP concrete members
The shear behavior of reinforced concrete beams containing LSP was evaluated using nine beams-each tested twice-for a total of 18 tests. The specimens were divided into three main groups with two targeted unit weights of 120 and 130 lb/ft 3 The beams were simply supported by a steel pin and a 1 in. (38 mm) from the edge. The crack widths and strains in selected stirrups were measured by using PI gauges and weldable strain gauges, respectively. PI gauges were arranged in a rosette configuration to capture most of the cracks within the shear span region. For the test specimens in Groups 1 and 2, three PI gauge rosettes were arranged diagonally between the applied load and the left support reaction, as shown in Fig. 6(a) , whereas only two PI rosettes were used for the shorter beams of Group 3. On the opposite face of the test specimen, PI gauges were arranged vertically at the location of the selected stirrup located within the shear span region, as shown in Fig. 6(b) . The stirrup strains were measured using weldable strain gauges placed on some selected stirrups within each beam. The same concrete mixture designs given in Table 2 were used for the shear specimens. Table 3 also summarizes the measured concrete compressive strength at 28 days and at the day of testing for the shear specimens. Tension coupons for the Grade 60 reinforcing steel were tested according to ASTM A370-09 using 2 ft (610 mm) coupons that were taken from the same batches of the transverse reinforcement used in the beams and had a yield strength of 69 ksi (476 MPa).
Test results
Load-deflection behavior-The load-deflection behavior of beams with LSP concrete was similar to that of beams of normal concrete reported in the literature. 8 The beams without transverse reinforcement failed shortly after the initiation of the first diagonal cracks. Test beams with transverse reinforcement were able to sustain higher load levels, as shown in Fig. 7 , for the beams of Group 2. The load at the formation of the first critical diagonal crack for members without shear reinforcement was taken as the concrete contribution to shear resistance V c for all beams within the same group. It can be observed from Fig. 7 that by increasing the transverse reinforcement ratio from 0.25 to 0.5%, the shear resistance of the beams was increased. The shear at failure for the specimens with shear reinforcement was taken as the nominal shear strength V n . The steel contribution to the shear strength V s was simply determined as the difference of (V n -V c ). The load-deflection behavior of the beams in Group 3 is shown in Fig. 8 . From this curve, it can be observed that the behavior of the specimens within Group 3 is quite different from those within Groups 1 and 2, as shown in Fig. 7 . This is due primarily to the small a/d of this category of beams and the formation of a compression strut mechanism in resisting the applied shear. This arching action mechanism is the cause of the significant increase in the shear capacity of the beams within Group 3, especially for those without transverse reinforcement.
Cracking behavior-Cracking on the side of the beam was measured using PI gauge rosettes within the shear span a, whereas cracking on the opposite side of the beam was measured using the vertical PI gauges, as shown in Fig. 6 . Crack width comparators were also used to measure the crack width at different load levels. It was observed that the initiation of the first flexural cracks occurred at the location of the maximum bending moment directly under the applied load. Flexural cracks propagated upwards and increased in number and width as the load was increased.
The formation of shear cracks was dependent on the presence of shear reinforcement and a/d. For beams with shear reinforcement and an a/d of 3.0, the first shear cracks appeared as an extension of the flexural shear cracks in the diagonal direction. When the applied load was increased, new diagonal shear cracks formed and were observed on both sides of the tested beam. In this study, failure of the beams was determined when the beam was no longer able to sustain any increase in the applied load. For the beams without transverse reinforcement, once the first shear crack appeared, it propagated diagonally through the shear span and suddenly increased in width by a slight increase in applied load before failure. For beams with shear reinforcement, once the first diagonal tension crack occurred, measurements of the strain in the stirrups, using the weldable strain gauges, clearly indicated the participation of the stirrups in resisting the applied load. The presence of the stirrups controlled the increase in the width of the diagonal tension crack, which led to the formation of multiple diagonal cracks within the shear span. The cracking behavior for specimens with no stirrups, minimum stirrups, and maximum stirrups is shown in Fig. 9 . The figure clearly indicates a single diagonal crack, spanning from the location of the applied load to the support for the beams without stirrups and multiple diagonal cracks for the beams with stirrups. Figure 10 shows the measured width of the diagonal shear crack using the crack comparators for the second group of beams with an a/d of 3.0. It should be noted that the graph does not include the beams without transverse reinforcement, as these beams failed suddenly after the initiation of the diagonal crack. The graph also shows the effect of the transverse reinforcement ratio in controlling the crack width. It can be seen that for the same load level, the beams with the minimum transverse reinforcement ratio had a wider crack width compared to the beams with the maximum transverse reinforcement ratio. An increase of the crack width is expected due to the high stresses induced in the stirrups of the beams with the minimum transverse reinforcement ratio in comparison to the beams with the higher transverse reinforcement ratio at any given load. The higher stress levels correspond to higher strains in the stirrups and thus wider cracks in the concrete.
Failure mode-The failure mode of each group of test beams was highly dependent on the a/d. For Groups 1 and 2 (specimens with an a/d of 3.0), the failure mode was also affected by the amount of transverse reinforcement used. For beams without transverse reinforcement, the failure mechanism occurred as a single shear crack that extended from the support to the location of the applied load. The typical failure observed for beams with shear reinforcement was due to crushing of the concrete at the nodal region of the diagonal compression strut well after the formation of many diagonal cracks within the shear span.
The behavior of Group 3 specimens with an a/d of 1.5 was controlled, as expected, by stirrup spacing within the member. For the beams without transverse reinforcement, failure occurred at much higher-than-anticipated loads due to arching action within the short span. For the beams with the minimum amount of transverse reinforcement, although arching action controlled the short shear span, flexural shear failure was observed in the longer shear span in the uninstrumented side of the beam when the load-carrying capacity of that side was reached. When the transverse reinforcement ratio was increased, the loadcarrying capacity of the longer shear span was increased and failure was due to arching action within the short shear span of the beam. The measured ultimate loads are significantly higher than the predicted values according to the ACI 318-08 design equations. When the strut-and-tie method is used as recommended by ACI 318-08 for low a/d, however, the behavior is accurately predicted.
The results from the 18 shear tests are summarized in Table 4 , which shows the maximum measured shear force in comparison to the ACI 318-08 predicted values. Because the beams were designed to have a shear failure,
